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Summary
We have analyzed how the immune system generates antibodies that are specific for analogues
of an epitope on the influenza virus hemagglutinin (HA) that differ solely by the presence of
Asp or Gly at amino acid 225 . Most antibodies induced in response to HA(Asp225) use one
of a few closely related variable (V) region structures that are encoded by characteristic VH/Vk
gene segment combinations. Remarkably, none of these VH/Vk combinations was induced in
response toHA(Gly225) . Instead of modifying the HA(Asp225)-specific V regions byjunctional
variation or somatic mutation to recognize the altered epitope, new VH/Vk combinations were
used. The expression of unique VH/Vk combinations appears to confer exquisite specificity to
the selection ofHAspecific B cells from the pre-immune repertoire.
n both B andT lymphocytes, specific recognition is medi-
ated through clonally distributed heterodimeric receptors.
For each type of receptor, two polypeptide chains are gener-
ated by somatic rearrangement of separate V, J, and in the
case ofVH andVA D gene segments (reviewed in reference
1) . Crystallographic analyses of antibody molecules have
demonstrated that the regions of greatest sequence variability,
called complementarity-determining regions (CDR), form
loops (2, 3) ; for each polypeptide, CDR1 and CDR2 are en-
coded by the V gene segment, whereas the junctionally en-
coded CDR3 is somatically generated during V(D)J gene
assembly (1, 4, 5). The spatial arrangement of the amino acid
residues in these loops establishes the specificity of antibody
molecules for protein molecules.
Previous studies have clearly demonstrated that somatic
alterations ofV region sequences byjunctional variation and
somatic mutation can play an important role in determining
the specificity of antibody molecules (6-8) . For example, so-
matic alterations of antibodies that recognize the influenza
virus A/PR/8/34 hemagglutinin (PR8 HA)' can influence
their interaction with the HA, as measured by their ability
to crossreact with mutant viruses that possess different amino
acid substitutions in the antibody combining site (9-14) . So-
matic alterations ofV region sequences can also change the
specificity of antibody molecules such that they recognize
different antigens. An example of this is the somatic muta-
tion of a phosphocholine-specific antibody to acquire specificity
forDNA (15) . Similarly, somatic mutation ofV region se-
I Abbreviations used in thispaper . HA, hemagglutinin ; HAU, hemaggluti-
nating units .
quences can alter antibody specificity for analogues ofthe hapten
arsonate (16) . However, the extent to which somatic altera-
tions of V region sequences can give rise to antibodies that
are specific for different protein antigens has been unclear.
This question is of particular interest in view of the exten-
sive interactions that take place in the combining site between
antibodies and protein epitopes. Analyses ofcomplexes formed
between antibodies and protein antigens have demonstrated
interactions between 15 and 22 amino acids on both the an-
tigen and the antibody molecule (17-23) . Nevertheless, single
amino acid substitutions that induce only minor local altera-
tions in the epitope can abolish antibody binding, and can
lead to the induction of noncrossreactive antibodies (22,
24-26) . How the immune system distinguishes between dis-
tinct analogues of epitopes that display such extensive struc-
tural similarity has not yet been explained.
We have addressed this issue by comparing hybridoma an-
tibodies that were induced in response to two HA molecules
that differ from each other solely by the presence ofAsp or
Gly at amino acid 225 . Based on this comparison, we have
assessed how antibodies that are specific for similar but not
identical overall shapes of determinant are generated . Even
though certain characteristicVH/Vk combinations were used
to recognize Asp225, none of these combinations was used
to recognize Gly225 . The results indicate that somatic alter-
ations of these characteristic VH/Vk combinations did not
provide the basis for distinguishing these epitope analogues,
and further suggest that the expression of specific VH/Vk
combinations can be critical in establishing the specificity of
antibodies for the HA . These findings also demonstrate the
capacity for single amino acid interchanges to influence the
immune recognition of viruses, such as influenza virus and
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tions during their evolution in man.
Materials and Methods
Hybridoma Antibodies.
￿
HA-specific antibodies were generated
as described previouslyby fusion ofSP2/0-Ag14 myeloma cells with
splenocytes from BALB/c mice (Jackson Laboratories, Bar Harbor,
ME) (27) . In the hybridoma designation, the first number indi-
cates the fusion from which the hybridoma was derived ; for ex-
ample, H36-6 was derived from fusion H36 after immunization
with PR8 virus, whereas T1-107 was derived from fusion T1 after
immunization with mutant virus T3 . The PR8-specific hybridoma
antibodies were generated by various primary and secondary re-
sponse immunization protocols, as have been described elsewhere
(11, 27, 28) . The T3-specific hybridomas were generated after ei-
ther primary or secondary immunization of adult mice as follows.
For fusions T1, T2, T4, T7, T8, T9, and T10, mice were immunized
intravenously with 1,000 hemagglutinating units (HAU) of virus
T3, followed 5 d later by splenectomy and fusion . For fusions T5
and T6, mice were primed for 24 d and given a booster injection
3 d before death with 1,000 HAU by the intraperitoneal and intra-
venous routes, respectively. T3 HAspecific antibodies were idintified
as those that were able to bind the immunizing virus, but that
could not bind the reassortant virus Jl (which contains a serologi-
cally noncrossreactive HA) (27) . Culture supernatants were ana-
lyzed for their binding to purifiedT3 and J1 viruses in the ELISA
by detection first with a murine Ck-specific rat mAb/biotin re-
agent, then with extravidin-alkaline phosphatase (Sigma Chemical
Co ., St . Louis, MO), and finally developed withp-nitrophenyl phos-
phate, as described (29) .
SpecificityAnalysis ofHybridoma Antibodies.
￿
Specificity analysis
of the PR8-specific antibodies has been described previously (11,
27, 30) . HAspecific hybridoma culture supernatants from the T3
fusions were first screened at two dilutions (1:5 and 1:25) for their
ability tobind 20HAU ofpurified viruses T3 andPR8 in the ELISA .
Antibodies that displayed more than twofold higher binding to
T3 than to PR8 in this primary screen were then cloned by limit
dilution . The ability ofculture supernatants to bind T3 and PR8
virus was then compared in serial dilution in the ELISA, and those
that displayed at least fourfold higher binding to T3 than to PR8
in the linear titration range were selected for sequence analysis .
Sequence Analysis ofHybridoma V Regions.
￿
Total cellular RNA
was prepared from hybridoma cell lysates and used to prepare cDNA
copies of Ig V regions using 12p-labeled constant region-specific
primers as described (11) . Full-length cDNA products were iso-
lated by PAGE, and VH and Vk region sequences were amplified
in the PCR using either degenerateV region primers that hybridize
to the 5' ends of many VH and Vk regions, or using one-sided
PCR, and were subjected to direct sequence analysis as described
(28) .
Results
Generation and Specificity Analysis ofPR8- and T3-specific
Hybridoma Antibodies. Virus T3 is a neutralization escape
mutant that differs from influenza virus PR8 by an Asp to
Gly interchange at amino acid 225 in the HA (10) . T3 is
one of 12 mutant viruses that define the antigenic region Ca,
containing amino acid substitutions that are closely located
on the surface of the H3 subtype HA (Fig. 1) . 16% of PR8
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￿
Location on the HA of amino acid 225 and of other amino
acids that define the Ca antigenic site . A side view of the crystallographic
structure of the H3 subtype HA trimer is shown (36); two of three
monomers from the trimer can be seen in this view. The Ca site spans
the interface between adjacent monomers (10) . The amino acid residues
that define the Ca antigenic site are shaded, and the location of amino
acid 225 is indicated.
HAspecific hybridomas display reduced or undetectable
binding to T3 (W. Gerhard, personal communication) . We
analyzed 27 hybridomas that bind to antigenic region Ca on
the PR8 HA for their VH and Vk region sequences : 19 of
these hybridomas fail to bind to mutant virus T3 (11, 30) .
The remaining Ca-specific hybridomas can bind to T3, but
fail to bind to one or more of the other mutant viruses that
have substitutions in this region (30) . The 19 hybridomas
that fail to bind toT3 were obtained from 12 individual donor
mice following a variety of primary and secondary response
immunization protocols . Since these antibodies can bind to
thePR8 HA (which contains Asp at residue 225) but display
reduced, and in most cases, undetectable binding to the T3
HA (which contains Gly at residue 225), we designate these
hybridomas as being PR8(Asp225) specific. The reaction of
several PR8(Asp225)-specific hybridomas with the PR8 and
T3 viruses in ELISA is shown in Fig. 2 .
We havenow generated a corresponding panel of T3(Gly-
225)-specific hybridoma antibodies. Nine individual BALB/c
mice were immunized with mutant virus T3 ; spleens were
removed 5 d after primary or 3 d after secondary immuniza-
tion and used to produce T3 HA-specific hybridomas . The0
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￿
Specificity analysis ofPR8(Asp225)-specific and T3(Gly225)-
specific hybridoma antibodies. Serial dilutions ofculture supernatants from
representative hybridomas were incubated with 20 HAU each of purified
PR8 and T3 viruses adsorbed to polyvinyl plates, and antibody binding
was measured in ELISA .
hybridomas were screened first to identify those that were
T3 HA specific, and then for their ability to bind to the T3
and PR8 viruses ; 15% of the T3 HAspecific hybridomas
failed to bind to PR8 . 20 T3-specific hybridoma antibodies
were isolated that displayed reduced, and in most cases, un-
detectable binding to PR8 (Fig. 2) . Accordingly, the T3
(Gly225)-specific hybridomas recognize a region of the HA
that is related to the one recognized by the PR8(Asp225)-
specific hybridomas in that amino acid 225 is a crucial part
of the epitope, but Gly instead of Asp is required at amino
acid 225 .
Variable Region Expression among PR8- and T3-specific Hy-
bridoma Antibodies. The VH and Vk region nucleotide se-
quences of some of the PR8(Asp225)-specific hybridoma an-
tibodies have been described (11) . The VH and Vk region
nucleotide sequences ofthe remaining PR8(Asp225)-specific,
and ofthe T3(Gly225)-specific hybridomas areshown in Figs.
3 and 4 . The deduced amino acid sequences of the PR8
(Asp225)- and T3(Gly225)-specific hybridoma VH and Vk
regions are shown together in Figs. 5 and 6 . The sequences
have been grouped according to previously defined VH and
Vk gene families (31-34) ; the gene family from which each
hybridoma VH and Vk region was derived is listed in Table
1 . TheVH andVk gene families represent groups of similar
gene segments that share>80% sequence similarity. It should
be noted that even though a set of hybridomas might express
members of the sameVH or Vk gene family, they neverthe-
less can displaymany differences in their V region sequences.
For example, several VH genes derived from the J558 gene
family displayed quite different sequences. In some cases, how-
ever, sets of hybridomas expressedVH orVk sequences that
were identical or that differed by only one or two amino acids.
These hybridomas appear to utilizecommon germ-line gene
segments, as indicated by shared symbols in Table 1 .
The PR8(Asp225)-specific panel contains gene segments
drawn from five differentVH and five differentVk gene fam-
ilies . As shown in Table 1, these VH and Vk gene segments
did not associate in random combinations to generate the
PR8(Asp225) specificity. Indeed, the majority of the PR8
(Asp225)-specific hybridomas can be placed into one of four
groupsbased on theVH/Vk gene segment combination .Two
large groups utilized VH gene segments drawn from the 7183
gene family in conjunction with a unique gene segment from
the Vk1 or Vk24 gene families. A third group of three hy-
bridomas utilized a specific 36-60/VkP F gene segment com-
bination, and a pair ofhybridomas utilized a specificJ558/Vk1
gene segment combination . TheVk1 gene segment utilized
by this latter group is quite different (20 amino acid differ-
ences) from the Vk1 gene segment utilized in conjunction
with members of the 7183 family. These four VH/Vk gene
segment combinations make up 80% of the hybridoma panel
and are thus quite characteristic ofthe PR8(Asp225) response .
The overall number ofVH and Vk gene families utilized
by the T3(Gly225)-specific hybridoma.panel is similar to that
used in the PR8(Asp225) response. Members offive different
VH and seven different Vk gene families are expressed by
the T3(Gly225)-specific hybridomas . However, none of the
VH/Vk combinations characteristic of the PR8(Asp225)-
specific hybridomas was used in response to T3(Gly225) . In-
terestingly, some of the individualVH andVk gene segments
from the PR8(Asp225) combinations were used by T3(Gly-
225)-specific hybridomas. With only one exception, these gene
segments were expressed in association with a member of
a different VH orVk gene family to recognize T3(Gly225) .
The notable exception is hybridomaT5-334, which expresses
the sameJ558 gene segment as is utilized as part of the char-
acteristicJ558/Vk1 combination in the PR8(Asp225) response.
T5-334 utilizes this J558 gene segment in conjunction with
the Vk1 gene segment that associates with members of the
7183 gene family in the PR8(Asp225) response. In this case,
then, a novel reassortment of gene segments from the PR8
(Asp225) response appears to have provided the basis for es-
tablishing specificity for T3(Gly225) .
A small group of T3(Gly225)-specific hybridomas from
two different mice express an identical J558/Vk4/5 gene seg-
ment combination . As was observed with the characteristic
PR8(Asp225)-specificVH/Vk combinations, the individual
VH and Vk gene segments from this T3(Gly225)-specific
VH/Vk combination were utilized in the PR8(Asp225) re-
sponse. Once again, however, they were expressed in associa-
tion with gene segments from different VH and Vk gene
families to generate the alternate specificity .
The general lack ofoverlap in VH/Vk expression between
the T3(Gly225) and PR8(Asp225) hybridoma panels extends
PRO T3
H142-3H5
t H153-70A12
- -- H165-156A2
~- -0- H37-90
- -9- H146-24E9Tl-57
H153-70A12
T7-!
T6-626
T6-l16
T6-112
T5-33!
H165-156A2
In 0-136
TB -3
T5-58
T5-31!
T6-19
T1-107
T8-2
H142-3H5
T10-5
T5-131
T5-22!
T2-150
T9-1
T10-1
T5-626
H37-90
H220-19
13280-!
M46-24E9
T6-510
H152-<3B2
TB-3 ~~
TS-58
TS -110
T6-19
TI-107
TB-2
H112-3H5
T6-510
H152-l3B2
10
￿
20
￿
30F- __1 40
Q Q S C S 8 L V A P G A S V R L S C R A 8 C Y T F T S Y W M H . . W V R Q R N G
TIGYWGTMTLC. . . . . .~Ca T---
________AC__________A_A______G____________A____________A_________-T__-__TC,TT___ ____________A__C
---G
___G_----------- A-----------
￿
A-----------T_____T~GFp------------------------- A--C---C
_G------------ A------------------- A-----------T-----TLTT------------------------- A_-C___0
C__________A_A______G____________A__________________-A_________-T_____TV+Fp----------------------- A__C___G
G------------ A_______------------ A-----------T-----
￿
T----------
￿
-------------- p__C___G
G------------ T-------------------------C-------------AT___T------------------------ C____
CA, TCAACT_____________G____A_______A______G____________T________________________-C___-________-
-
AT___T------------------------ C____
C,
￿
`PIX`AACT_____________G____A_______p_____-G____________T_________________________C_____________pT___T__    ________________C____
______-G______________________________G_________________A__  ------  -----TT----------C__p-
--------------
________G______________________________________C__________________A------------------------ C___-
________G____________A_______-G_______A_____T__C______-A__________-__, .   ________A______-C____
____________AC____________A______G____________A_A_________________T___T____T__TG_____-Tp___A__------  --------------C______
__C_____G____________A_A_________________T___T______-M______AC--------------------- A__C____T-
_______T___T-------TG------AC----------------------- A__T_C__A-
S I T C T V S G F S L T S Y G V H . . W A R Q S P G
TTMCfAGCTATGCfVTACAC . . . . .
_______________G___GC________________________T_____T________G__T________C_______________    ____T______-C______-
_____G___GC________________________A_____C_____A__G___________CG-----------A__    ____T______-C-____
________G___GC________________________A_____C_____A__G__-________CG___________A------------ T------- C________
L K K P G E T V K I S C K A S G Y T F T N Y G M N . . W V K Q A P G
------------------------
S G G G L V K P G G S L K L S C A A S G F T F S S Y A M S
￿
W V R Q T P E
TICXIT7CA4TAOCTAIGCCATGTCT . . . . . . .1'~
G L V K P S Q S L S L T C S V T G Y S I T S G Y Y W N . W I R Q F P G
AC.TCCATCACCACI'GCTTATI'ACIGGAAC . . .7GGATCCGGCAG77=AGGA
------------------------ ------------------------
GAS-___A___G_________________A__T__A_________A________________________________AG____C--------------------------
V E S G P G I L Q P S Q T L S L T C S F S G F S L S T S N M G V 0 W I R Q P S G
ETA
￿
MTA1CiCCf4TAC(X1f7GA~N.GG
___________________________-_____________________________ ________-_____GG_____________-____________________
r aM Z 0- Z S
￿
60
￿
70
￿
80
Q G L E W I G N I Y P G S G S T N Y D B K F K S K G T L T V D T S S S T A Y M H L S S L
H153-
￿
UACOGCF------CAT7CGAAATATTT
-----
TCIAC-CiA-AGTACI --G---A-
￿
AGMX'A~---- .ALT .'1CA~70A12
￿
__G------------------ T-----AT21C-A--A-G_________________AG______C__________TC_____A___________________C-----------
T7_!
￿
__G__________________T_____A_____TAC-A__A-G-______G___A_____________AG______C__________TC-____A______________________G_G------------
T6-626
￿
__G__________________T_____A_____TAC-A__A_G_______G___A___________-_AG______C__________TC_____A______________________G_G-----------
746-416
￿
__G__________________T_____A_____TAC-A--A-G_______G___A_____________AG______C__________TC_____A______________________G_G____________
T6-112 __G__________________T_____A_____TAC-A--A-G_______G___A_____________AG______C__________TC-____A______________________G_G____________
TS-33! _______________-_____G_G___A_____A_C_A____G_________T_A_____________________C_________________A_______________A________A____________
11165-156A2 ___________A_____A_C_A____G_-_______T-A-____________________C_________________A_______________A________A______
__________ GC__A__GAp__GC_____p__C_p_________G_____
￿
------------ A____ ___-______
￿
q____________
___________A________T_TG-__G_____TCAGAC~,__GAA___C_____A__C_A-T-____G_GA_____C____T____________A________A____G___
__A________T_TG-__G_____TCAGACA--GAA-__C_____A__C_A_T_____G_GA_____C____T____________A________A_______________G____________
_____C_TG___G_____-A_A__GAA---_C,A-TAA__C___________GA_____C____T___A________A________A_______________G____________
A_Gp______CG____A_____TT,C__GA____Tp____A_CC___________G______C____T____________A______T_________C_____G_G___CIG______
A_GA_________________QG-___A_____TAC-A--__GC_____G____A_CC____T____GA-____C__GCT__________T_AG_____________________G_G___C__A______-
A-TA-T-______________G_G___A_____A_C_C___GG______G____A_C___________G______C____T_A________T_A________________________G____AG______
K G L E W L L H I L . W N D S K Y Y N P A L K S R L T I S K D T Y N N Q V F L K I A N V
TTM . . .1IGAATGTAG'1'AACTACTAT
￿
7C .ICGACCATARTACAACAACCACLTATiC'CICAAGA'ttCCCAATCIG
------------------GCG . . . . . ..G -----G AC-__CG_______________________A__G___________________C__G__________________________G____
T S E D S A V Y Y C T R 3 E D D C Y G A M D Y . W G Q G T S V T V S S
Tl-57 ACATCTGAOMA= A~1GA10G1TACCfKSCCTART.ACTAC . . .
H153-70A12
￿
__C---------------------------G-----GOGGGGGATGGGTOGACTAC . . . . . . . .   ,____________ : :--
T7_
!
￿
__C_-------------------------- G-----GAAGAM7071TACOGAGAC . . . . . . . . . . . . . . . . . . . .C_____GTCM_____T_____
T6-626
￿
__C___________________________G_____~     ,_____C_____C___A_W-___A______C
T6-416
￿
__C-------------------- _------G_____~ , . ., .  ., ., . ._____
T6-112
￿
__C---------------------------G-----GAGGAMACOOCTrIMACIAC 
￿
------- _C-----C___A_W____
T5-33!
￿
____________________________________
￿
AC . . . . . . . . . . . C-----G__TCCC_____
H165-156A2
￿
------------------------------------TCGGMTOGACM . . . . . . . . . . .    ,________________________
H1640_TE6
￿
------------------------------------AGTGTMTOMTQGACTAC . . . . . . . . . . . . . . . . . . . . . . . . . . .
TB-3 ___________________G____TCC%.T1TACTAMMATATGCFA'1OGAMAC-----------------
T S-58 __________________________G____GGGGAALTATWTAAC7hCO=ATOCltROGACTAC-______________
T5-31!
￿
------------------------------ G----
￿
TOCICTOGACTAC---------------------------------GCC
T6-19
￿
-----------G-----TGTATOA~TA . TOCIATCCACTAC-________________________________GCC
T1-107
￿
_A________T___GG__AGGATOCITACPA[OGACMTOGACTAC--------------------
￿
----- _------ ___-GCT
Te-2
￿
_A______----
__G-----
GATOCTAACTA AGGGALTATOCrATCGACIAC  ,_______________________
H142-3H5
￿
________p__G_____A__________________~AC. .  , .  . . . . . . . .C-----G__TCIC^_____T______
Q A N D T A I Y Y C A R R L R G V I N A M D Y . W G Q G T S V T V S
T10-5 CACGCfMTGACACAGCYATATATTACIY1GCCaCAI1GATTACGALCA(.TMTAMIGCTATGGALTAC . . .
TS-131
￿
__AA__G-------------G__C------------GGA0007MAMAC,TC. . . . . . . . . . . . . . . .   _____C-----G__TCPG-----T-----TWr
TS-22!
￿
__AA__G____________G'C,-_C____________GTCCO=T=AACPAMATGMTCCACLAC  --------------------------------- 7CA
T2-150 __AA__G____________GG__C____________CTACTA70GTAALfACaAOOL'rA7GGACTAC . .,__________-__________________-TCJ,000
K N E D M A T Y F C A R P A Y Y R Y D G F A Y . W G Q G T L V T V S
T6-510 GACMTOGGATACTCXCM]1TACfAC14fGCll?CAA~ACI7CGATCPC . . . . . .
H152-4382
￿
--------------- T--------------- ___iGGACNOCdCIAC117GACIAC .   , .  .,______CA_
616
￿
Protein Epitope Analogues Induce Distinct Antibodies
J558
Q52
VG_
Figure 3 .
￿
Nucleotide sequences
ofVH regions from PR8(Asp225)-
and T3(Gly225)-specific hybrid-
omas . Sequences are grouped ac-
cording toVH gene family and are
displayed relative to a representative
from each group (e.g., T4-57 for the
J558 group; the deduced amino acid
sequence for each group represen-
tative is also shown) . Dashes indi-
cate identity with the representative
sequence . The deduced amino acid
sequence ofeach family representa-
tive is numbered according to Kabat
et al. (41) . The locations ofCDR
are also shown . Dots have been
introduced to facilitate alignment
of the sequences. The nucleotide
sequences of some of the PR8
(Asp225)-specific hybridomas have
previously been described (11) .
These sequence data and the data in
Fig. 4 are available from EMBL/
GenBank/DDBJ under accession
numbers X59172X59211, M64134,
M64135, M64137, M64140-M64-
142, M64147, M64148, M64150,
M64152, M64153, M64155, M64-
159-M64161, M64166, M64167,
and M64169 .
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Nucleotide sequences
ofVk regions from PR8(Asp225)-
and T3(Gly225)-specific hybrid-
omas. Sequences are grouped ac-
cording to Vk gene family and are
displayed relative to a representative
from each group (e.g., Tl-107 for
theVk9 group; thededuced amino
acid sequence for each group repre-
sentative is also shown) . Dashes in-
dicate identity with the representa-
tive sequence. The deduced amino
acid sequence of each family repre-
sentative is numbered according to
Kabat et al. (41) . The locations of
CDR are also shown. Dots have
been introduced to facilitate align-
ment ofthe sequences, and ambigui-
ties are indicated byX . The nucleo-
tide sequences of some of the PR8
(Asp225)-specific hybridomas have
previously been described (11) .
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in each panel. Even though three hybridomas from the
T3(Gly225) response express the same VH/Vk gene family
combinations as are expressed by three hybridomas from the
PR8(Asp225)-specific panel, the individual VH and Vk gene
segments that are used in each response display many differ-
ences that indicate their derivation from different germ-line
gene segments . The possibility that these represent somatic
variants of single germ-line gene segments can be excluded
because in most cases they are primary response hybridomas
that display little or no somatic mutation (6, 8) . The only
secondary response hybridoma among this group that could
potentially represent a somatic variant is T6-510 . However,
it displays a different length ofL chain CDR1 region that
indicates a distinct germ-line gene origin .
Discussion
Corresponding panels ofhybridoma antibodies were gener-
ated that recognize related structures on theHA in which
amino acid 225 forms a crucial part of the epitope, but that
differ in their requirement for Asp or Gly at this residue.
Many different V gene segments appeared to be used prefer-
entially in the PR8(Asp225)- and T3G(Gly225)-specific hy-
bridoma panels . Even though seven individual V genes were
used in both panels, they were always utilized as part of
different VH/Vk combinations in thetwo panels . Moreover,
a large proportion of the PR8(Asp225)-specific hybridomas
utilized one of four characteristic VH/Vk gene segment com-
binations. Remarkably, none of these combinations was uti-
lizedamong T3(Gly225)-specific antibodies. Despite the large
sequence variability that could potentially have been intro-
duced, particularly in the H chain CDR3, to alter the anti-
body paratopes, this mechanism was not used to generate
antibodies that distinguish this single amino acid interchange.
Instead, unique VH/Vk gene segment combinations were
used in each response.
The failure to observe somatically altered versions of the
characteristic PR8(Asp225) VH/Vk combinations among the
T3(Gly225)-specific hybridomas was unexpected. Both so-
matic mutation and junctional variation can influence how
antibodies interact with theHA, as measured by their ability
to recognize mutant viruses (such as T3) that contain single
amino acid substitutions (11-14) . In addition, the paratopes
of the PR8(Asp225)-specific antibodies described here can
all be distinguished based on their reactivities with mutant
viruses, and some of these differences in specificity for the
HA are likely to be the result ofjunctional variation or so-
matic mutation . For example, the sets of PR8(Asp225) hy-
bridomas that utilize the characteristic J558/Vkl and 36-
60/VkRF combinations each express identical VH and Vk
gene sequences, differing only in their junctional sequences
(Figs. 5 and 6) . Since these antibodies also display unique
reactivities with other PR8 mutant viruses (30), the junc-
tional sequences of these antibodies influence how they in-
teract with the HA . Why then was junctional variation not
utilized to modify the paratopes and allow recognition of
the structurally related region of T3(Gly225)? One possi-
bility is that thecharacteristic PR8(Asp225)-specific antibodies
bind to the HA with orientations that do not involve inter-
actions between thejunctional regions and residue 225 . Thus,
modifications of thejunctional regions would not affect rec-
ognition ofthe amino acid at residue 225 . Although this may
have provided a plausible mechanism to account for a single
VH/Vk combination, it seems less likely to explain the failure
ofjunctional variation to adapt any of four different PR8
(Asp225)-specific VH/Vk combinations to recognize T3
(Gly225) .
A second possibility is that although junctional variation
could potentially generate the alternate specificities, the ap-
propriate types of modification are rare. It was anticipated
that junctional variation would modify the specificity of some
of these VH/Vk combinations because it has the capacity
to introduce an enormous amount of sequence variation . Es-
timates of the size of the antibody repertoire generally in-
troduce factors of several orders of magnitude to account for
the number of differentjunctional sequences that can be ex-
pressed by any individual VH/Vk combination (see for ex-
ample references 1 and 8). It was anticipated that at least some
of the different junctional sequences from this vast potential
pool would modify the specificity of these antibodies. It is
significant, however, that these estimates predict total reper-
toire sizes that greatly exceed the number of lymphocytes
in a mouse. Thus, even ifjunctional variation has the capacity
to modify the PR8(Asp225) VH/Vk sequences and generate
specificity for T3(Gly225), these sequences may be so rare
that there is a low probability that any individualmouse would
contain aB cell that expresses the appropriate modification .
Figure 5 .
￿
Deduced amino acid sequences of PR8(Asp225)- and T3(Gly225)-specific H chain V regions. Hybridoms whose designation contains
the H prefix are PR8(Asp225) specific ; those whose designation contains the T prefix are T3(Gly225) specific. Sequences are grouped according to
theVH gene family from which they were derived (which is indicated), and are displayed relative to a representative sequence from that family (e.g .,
T4-57 for theJ558 group)'. Dashes indicate identity with the representative sequence . Within each family, V regions that display near identical amino
acid sequences and are likely to have been derived from the same VH gene segment are grouped together. Members of the 7183 gene family have
been grouped according to a previous characterization that included Southern hybridization analysis and the presence of shared silent substitutions
(11) . The H chain isotype, and the JH gene segment that is utilized are indicated . Also shown is the Vk gene family that each hybridoma expresses,
and the protocol used for immunization ; 1° indicates primary response, 2° indicates secondary response, and 1°n indicates hybridomas derived from
neonatal mice primed intravenously on day of birth followed by immunization and fusion at various times during the next few weeks . Although these
mice received two immunizations, they are referred to as primary response antibodies because there is no evidence that injection at birth primed HA-
responsive B cells (28) . The sequence of T4-57 is numbered according to Kabat et al. (41), and the location o¬CDR is indicated. Dots have been
introduced to facilitate alignment ofthe sequences. Two groups ofT3-specific hybridomas (T5-58 and T5-334 ; and T6-626, T6-416, and T6-112) express
identical CDR3 sequences, and therefore represent clonally related B cells (42) . This latter group utilizes identicalH and L chain nucleotide sequences
to T7-4, which was derived from an independent donor and displays a unique CDR3 sequence.
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For each hybridoma, the VH and Vk gene family that was utilized is shown . Closely related VH and Vk gene segments that are likely to have
been derived from the same germ-line gene segment are indicated by the same symbols . The hybridomas have been grouped together according
to theVH/Vk combinations they express . Where the same gene segment was utilized by both a PR8(Asp225)- and a T3(Gly225)-specific hybridoma,
they have been placed opposite each other in the table . Only one representative from groups of clonally related hybridomas is included.
Hybridoma
PR8(Asp225)
VH Vk Hybridoma
T3(Gly225)
VH Vk
H37-40 7183" Vk24#
H220-25 7183s Vk24#
H37-80 7183 Vk20
H35-C6 7183 11 Vk24#
H158-89H4 7183 11 Vk24#
H146-24B3 7183s Vk11
H36-2 7183s Vkli
H37-62 7183** Vkli
H37-60 7183" Vk11
H37-82 7183" Vk11
T5-334 J558## Vkh
H140-1E6 J558## Vk11111
H165-156A2 J558## Vk11111
H37-90 36-6011 VkRF* * *
H280-4 36-6011 VkRF"" T10-5 Q52 VkRF*'"
H220-19 36-6011 VkRF** *
H152-43B2 3609 Vk4/5*
T6-626 J558### Vk4/5*
T7-4 J558### Vk4/5*
H153-70A12 J558### Vk2lsss
T10-1 VGam Vk2lsss
H142-3H5 J558 Vk4/5
H146-24E9 36-60 Vk1ss
T8-2 J558 Vk21111111
T8-3 J558 Vk21111111
Ti-107 J558 Vk9111
T5-224 Q52'*** Vk9l"
T2-150 Q52**** Vk4/5
T4-57 J558 Vk9
T5-58 J558 Vk9
T6-510 3609 Vk4/5
T9-1 VGam Vk23
T6-19 J558 Vk8
T5-626 7183 Vk8
T5-131 Q52 VklThese findings may then illustrate the difficulty in defining
how distinct mechanisms contribute to the generation of the
immune repertoire based on estimates of potential diversity
that exceed the total lymphocyte pool of an individual .
In view of the failure of junctional variation to modify
the PR8(Asp225VH/Vk combinations, it is intriguing that
there are several examples in which specific VH/Vk pairing
appears to have provided the basis for generating these alter-
nate specificities . For example, the T3(Gly225)-specific hy-
bridoma T5-334 uses VH and Vk gene segments that are
drawn from characteristic PR8(Asp225)-specific hybridomas,
but does so in a novel pairwise combination that has not been
observed in the PR8(Asp225) response (see Table 1) . Hy-
bridoma T5-334 demonstrates that the absence of this com-
bination from the PR8(Asp225)-specific hybridoma panel is
not a consequence of the inability of this VH and Vk gene
to associate and produce an HAspecific antibody. Rather,
the pairing of this VH with this Vk gene segment appears
to influence the specificity of the resulting antibody, leading
to its utilization in the T3(Gly225) response. This model sug-
gests that the specificity of antibodies for the HA may be
exquisitely dependent on specific VH/Vk pairing, even to
the extent that junctional variation cannot modify these an-
tibody paratopes and create specificity for T3(Gly225) . Fu-
ture experiments in which these VH andVk gene segments
are reassorted in bacterial expression systems (35, 36) should
allow this model to be directly tested .
It remains possible that certainVH/Vk combinations have
the potential to acquire appropriate somatic mutations that
would allow them to interact with either T3(Gly225) or
PR8(Asp225) . The failure to identify somatic variants of the
characteristic PR8(Asp225)VH/Vk combinations among sec-
ondary response T3(Gly225)-specific hybridomas may in fact
reflect the specificity with which primary response B cells
were stimulated. Since none o£ the T3(Gly225)-specific
primary response hybridomas utilized the characteristicPR8
(Asp225) VH/Vk combinations, these combinations were
apparently not stimulated during primary immunization with
T3 . Hence, somatic variants of these combinations were not
obtained among the secondary response hybridomas. It may
therefore be possible to obtain T3(Gly225)-specific somatic
variants of the characteristic PR8(Asp225) VH/Vk combi-
nations by priming withPR8 followed by a secondary boost
with T3 . Experiments to address this possibility are in progress .
Central to this analysis is the postulate that the Asp to
Gly interchange at amino acid 225 does not induce major
structural alterations in the HA. Several lines ofevidence sug-
gest that this interchange is unlikely to impart a large effect
on the structure of the HA . Most importantly, a significant
number of HA-specific antibodies recognize the antigenic re-
gion Ca (in which residue 225 is located), and crossreact with
PR8(Asp225) and T3(Gly225) (10, 30) . These antibodies
recognize the same region of theHA as do the antibodies
described here, but the Asp to Gly interchange at residue 225
does not affect their binding, presumably because they do
not make important contacts with this residue . In addition,
the structures ofsevenHA and neuraminidase neutralization
escape mutants have been determined (22, 24-26) . In all cases,
escape mutants that differ by single amino acid interchanges
display only local structural alterations on the surface of the
molecule. In one of these comparisons, the effect of an Asp
to Gly interchange at residue 146 of the X-31(H3 subtype)
HA was examined (24) . This Asp to Gly substitution resulted
in a repositioning of the amino acid side chain over a range
of<1 X, and led to a >1,000-fold reduction in the binding
of the antibody used for selection . Residue 146 is located in
a loop on the HA (37) ; comparison of the antigenic struc-
ture ofPR8 with the crystallographic structure of the H3
subtype HA suggests that PR8 amino acid 225 is similarly
located on a loop and is exposed to solvent (10) . It seems
likely that a similar local conformational change in the HA
monomer was induced by the Asp to Gly interchange in virus
T3 . It may, however, be significant that the antigenic region
Ca spans the interface between adjacentHAmonomers (Fig .
1) . It is therefore possible that subtle conformational changes
in this region could nevertheless have a complex effect on
the antigenic structure of this site on the HA trimer. If this
indeed is the case, it remains intriguing that different pairings
of the sameVH and Vk gene segments were in some cases
utilized to generate the alternate specificities . A similar com-
parison of antibodies induced in response to PR8 and an es-
cape mutant from an antigenic region that does not span the
monomer interface (such as the site Cb) should allow this
possibility to be addressed .
Finally, it is significant to note that antigenic variability
is the prominent feature of the immune recognition of the
HA (as well as some other viruses, such as HIV) (38, 39) .
Influenza A viruses can escape the existing antiviral immu-
nity of the host population gradually (antigenic drift) by ac-
cumulating individual, serologically significant amino acid
differences (38) . For example, the mutation of Asp to Gly
at residue 225 has occurred during the evolution of the H1
subtype influenza virus in humans (40), and residue 225 is
one of at least 30 positions at which serologically significant
amino acid substitutions can occur on the H1 subtype HA
(10) . The dissimilarity between these two hybridoma panels
serves to demonstrate how relatively minor structural varia-
tion of the type that occurs during antigenic drift oftheHA
can nevertheless exert a considerable impact on the structural
and genetic basis by which a protein, or indeed, a virus, is
recognized by the immune system .
We are grateful to W Gerhard for providing mutant virus T3, for discussion, and for reviewing this
manuscript . We also thank C . Hackett, Y Paterson, J . Kavaler, andD. Cerasoli for reviewing this manu-
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622
￿
Protein Epitope Analogues Induce Distinct AntibodiesReferences
This work was supported by grant AI24541 from the National Institutes of Health .
Address correspondence to AndrewJ . Caton, The Wistar Institute of Anatomyand Biology, 3601 Spruce
Street, Philadelphia, PA 19104 .
Receivedfor publication 29 March 1991 and in revisedform 7June 1991.
1 . Davis,M.M ., and P.J . Bjorkman . 1988 . Tcell receptor genes
and T -cell recognition . Nature (Lord .). 334:395 .
2 . Davies,D.R ., andH. Metzger . 1983 . Structural basis of anti-
body function . Annu. Rev . Immunol . 1:87 .
3 . Alzari, P.M .,M.-B . Lascombe, andR.J. Poljak . 1988 . Three-
dimensional structure ofantibodies .Annu. Rev . Immunol. 6:555 .
4 . Honjo, T 1983 . Immunoglobulin genes. Annu . Rev . Immunol .
1:499 .
5 . Tonegawa, S . 1983 . Somatic generation ofantibody diversity.
Nature (Loud.). 302:575 .
6. Manser, T, L.J . Wysocki, M.N . Margolies, andM.L . Gefter.
1987. Evolutionof antibody variable region structures during
the immune response. Immunol . Rev . 96:141 .
7. Rajewski,K ., I . Forster, andA. Cumano . 1987 . Evolutionary
andsomatic selection of the antibody repertoire in themouse .
Science (Wash. DC) . 238:1088.
8. Berek, C., andC. Milstein . 1988 . The dynamic nature of the
antibody repertoire. Immunol . Rev . 105:5 .
9. Gerhard, W, J . Yewdell,M.E. Frankel, andR. Webster. 1981 .
Antigenic structureofinfluenza virus hemagglutinin defined
by hybridoma antibodies. Nature (Lord.). 290:713 .
10 . Caton, A.J ., G.G. Brownlee,J.W. Yewdell, andW Gerhard .
1982. The antigenic structure oftheinfluenza virusA/PR/8/34
hemagglutinin (Hl subtype) . Cell. 31:417 .
11 . Caton, A.J., G.G. Brownlee, L.M . Staudt, andW Gerhard .
1986 . Structural and functional implications ofa restricted an-
tibody response to a defined antigenic region on the influenza
virus hemagglutinin .EMBO(Eur . Mol. Biol. Organ.)j 5:1577 .
12 . Clarke, S.H ., K. Huppi, D . Ruezinsky, L. Staudt,W Gerhard,
andM. Weigert . 1985 . Inter- and intraclonal diversity in the
antibody response to influenza virus hemagglutinin . j Exp.
Med . 161:687 .
13 . Clarke, S.H . , L. Staudt, J. Kavaler D. Schwartz,W Gerhard,
andM. Weigert. 1990 .Vregion usage and somatic mutation
in the primary and secondary responses to influenza virus
hemagglutinin . J . Immunol. 144:2795 .
14 . Clarke, S.H ., R. Rickert, M. Kopke Wloch, L. Staudt,W
Gerhard, andM. Weigert. 1990. The BALB/c secondary re-
sponse to the Sb site of influenza virus hemagglutinin . Non-
random silent mutation and unequal numbers ofVH and Vk
mutations .j Immunol . 145:2286 .
15 . Giusti, A.M .,N.C. Chien, D.J . lack, S.-U. Shin, andM.D.
Scharff. 1987. Somatic diversification of S107 from an an-
tiphosphocholine to an anti-DNA autoantibody is due to a
single base change in its heavy chain variable region . Proc . Nad .
Acad. Sci . USA . 84:2926.
16 . Fish, S., M. Flemming, J. Sharon, and T Manser . 1991.
Different epitope structures select distinct mutant forms ofan
antibody variable region for expression during theimmune re-
sponse . J . Exp . Med . 173:665 .
17 . Amit,A.G .,R.A . Mariuzza,S .E .V .Phillips, andR .J . Poljak.
1986 . Three-dimensiona l structure ofan antigen-antibody com-
plex at 2.8 A resolution . Science (Wash. DC) . 233:747 .
623
￿
Stark and Caton
18 . Colman, P.M.,W.G . Laver, J.N . Varghese, AT Baker, P.A .
Tulloch, G.M. Air, andR.G . Webster. 1987 . Three-dimensional
structure of a complex ofantibody with influenza virus neur-
aminidase. Nature (Lord.). 326:358 .
19 . Sheriff, S., E.W. Silverton, E.A . Padlan, G.H . Cohen, S.J .
Smith-Gill, B.C. Finzel, and D.R . Davies . 1987. Three-
dimensional structure of an antibody-antigen complex. Proc .
Nad . Acad. Sci. USA. 84:8075 .
20 . Padlan, E.A ., E.W. Silverton, E. Sheriff G.H . Cohen, S.J.
Smith-Gill, andD.R . Davies. 1989 . Structure ofan antibody-
antigen complex : crystal structure oftheHyHEL10Fab:lyso-
zyme complex . Proc Natl. Acad . Sci. USA . 86:5938 .
21 . Tulip, WR., J.N . Varghese, R.G. Webster, G.M . Air, WG .
Laver, and P.M . Coleman . 1989. Crystal structure of
neuraminidase-antibody complexes. Cold Spring Harbor Symp.
Quant. Biol. 54:257.
22 . Laver,W .G., G.M . Air,R.G. Webster, and S.J . Smith-Gill. 1990 .
Epitopes on protein antigens : misconceptions and realities . Cell.
61:553 .
23 . Paterson, Y, S.W . Englander, andH. Roder. 1990. An anti-
body binding site on cytochrome c defined by hydrogen ex-
change and two-dimensional NMR. Science (Wash . DC) .
249:755 .
24 . Knossow, M., R.S . Daniels, A.R . Douglas, J.J. Skehel, and
D.C . Wiley . 1984 . Threedimensional structure ofan antigenic
mutant of the influenza virus hemagglutinin . Nature (Loud .).
311:678 .
25 . Varghese, J.N .,R.G. Webster,WG. Laver, andP.M . Coleman .
1988 . Structure ofan escape mutant of glycoprotein N2 neur-
aminidase ofinfluenza virusA/Tokyo/3/67 atAj Mol. Biol
200:201.
26 . Air,G.M .,WG. Laver,R.G. Webster,M.C. Els, andM . Luo.
1989. Antibody recognition of the influenza virus neuramini-
dase. Cold Spring Harbor Symp . Quant . Biol . 54:247.
27. Staudt, L.M ., andW Gerhard . 1983 . Generation ofantibody
diversity in theimmune response ofBALB/c mice to influenza
virus hemagglutinin .j Exp, Med . 157:687 .
28 . Kavaler, J., A.J . Caton, L.M . Staudt, D . Schwartz, andW
Gerhard. 1990. A set of closely related antibodies dominates
the primary antibody response to the antigenic siteCb of the
A/PR/8/34 influenza virus hemagglutinin .j Immunol . 145 :
2312 .
29 . Scherle, P.A ., andW Gerhard . 1988 . Differential ability of
B cells specific for external vs . internal influenza virus proteins
to respond from help from influenza virus-specific Tcell clones
in vivo . Proc. Nad . Acad. Sci. USA . 85 :4446 .
30 . Caton, A.J ., S.E. Stark, J . Kavaler, L.M . Staudt,D . Schwartz,
andW Gerhard . 1991 . Many variable region genes are uti-
lized in the antibody response ofBALB/c mice to the influenza
virus A/PR/8/34 hemagglutinin .j Immunol . 147:1675 .
31 . Brodeur, P.H ., and R. Riblet . 1984. The immunoglobulin
heavy chain variable region (IgHV) locus in themouse : I . One
hundred IgHV genes comprise seven families of homologousgenes. Eur . J. Immunol . 14:922 .
32 . Dildrop,R . 1984.Anew classification ofmouseVH sequences.
Immunol . Today. 5:85.
33 . D'Hoostelaere, L.A .,K. Huppi, B . Mock,C. Mallet, andM.
Potter. 1988 . The Igk L chain allelic groups among the Igk
haplotypes andIgk crossover populations suggests a gene order.
J . Immunol . 141:652 .
34 . Kofler,R.,M.A. Duchosal, andF.J. Dixon . 1989 . Complexity,
polymorphism, and connectivity of mouse Vk gene families .
Immunogenetics . 29:65 .
35 . Huse,W.D ., L. Sastry S.A. Iverson, A.S. Kang,M. Alting-
Mees, D.R. Burton, S.J . Benkovic, andR.A . Lerner. 1989 .
Generation of a large combinatorial library of the immuno
globulin repertoire in phage lambda . Science (Wash. DC) .
246:1275 .
36 . Caton, A.J ., and H . Koprowski . 1990 . Influenza virus
hemagglutinin-specific antibodies isolated from a combinato-
rial expression library are closely related to the immune re-
sponse of the donor . Proc. Natl . Acad. Sci. USA . 87 :6450 .
37 . Wilson, I.A ., J.J . Skehel, andD.C . Wiley . 1981 . Structure of
the hemagglutinin membrane glycoprotein of influenza virus
at 3A resolution . Nature (Loud.) . 289:366 .
624 Protein Epitope Analogues Induce Distinct Antibodies
38 . Webster, R.G.,W.G . Laver, G.M . Air, andG.C. Schild . 1982 .
Molecular mechanisms of variation in influenza viruses . Na-
ture (Lon4 296:115 .
39 . LaRosa,G.L ., J.P. Davide,K. Weinhold,J.A . WaterburyAT.
Profy, J.A. Lewis, A.J. Langlois,G.D. Dreesman,N. Boswell,
P. Shadduck, L.H . Holley, M . Karplus, D.P. Bolognesi, T .J .
Matthews, E.A . Emini, andS.D. Putney. 1990. Conserved se-
quence and structural elements in theHIV1 principal neutral-
ization determinant . Science (Wash . DC) . 249:932 .
40 . Raymond, F.L .,A.J . Caton, N .J .Cox, A.P. Kendal, andG.G .
Brownlee . 1986 . The antigenicity and evolution of influenza
H1 hemagglutinin, from 1950-1957 and 1977-1983 : two
pathways from one gene. Virology. 148:275 .
41 . Kabat,E.A ., T .T . Wu,M . Reid-Miller, H. Perry andK.S. Got-
tesman . 1987 . Sequences ofProteins of Immunological Interest .
U.S. Departments of Health and Human Services, National
Institutes of Health, Bethesda, MD .
42 . Schlomchik, M., M. Mascelli, H. Shan, M.Z. Radic, D .
Pisetsky,A. Marshak-Rothstein, andM. Weigert . 1990 . Anti-
DNA antibodies from autoimmune mice arise by clonal ex-
pansion and somatic mutation .J . Exp. Mol. 171:265 .